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Weakly interacting massive particle (WIMP) is the leading paradigm of dark matter (DM). However, in this
paradigm, the particle mass of DM, mχ, can not be determined by investigating its relic abundance. In order to
obtain more information to constrain mχ, this work models the phase of DM production for WIMP paradigm,
and investigate the suppression of tensor-to-scalar ratio of metric perturbation r caused by the pair productions
of DM particles. It yields a new relation between mχ and r, which also contains the reheating parameters. As r
will be stringently constrained in the future searches of primordial gravitational wave, this relation can be used
to constrain mχ and the reheating parameters.
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Introduction.– The particle mass of dark matter (DM), mχ,
is one of the most important parameters of the Universe. How-
ever, current astrophysical evidence is insufficient to deter-
mine it as the evidence only reflects the properties of global
and/or local DM abundance [1]. As pointed out by the lat-
est research [2], to constrain mχ, we can turn our attention
to DM production. As illustrated in FIG.1, each pair pro-
duction of DM particles can generate a small local fluctuation
∆Φi, which encodes mχ, in the trace of metric [18]. During
DM production, these fluctuations accumulate to drive a reso-
nance between DM density perturbation and scalar modes of
metric perturbation [2], and amplify them. By investigating
such amplification of scalar modes of metric perturbations,
∆Φ =
∑
i ∆Φi + ∆Φb, we can thus determine mχ, where
∆Φb is the back-reaction from DM density perturbation.
FIG. 1. A pair production of DM particles, χ, in the curved and
nonrigid spacetime. A small local scalar fluctuation of spacetime
∆Φi can be generated in each pair production (c.f. FIG. 1(b) in [2]).
As weakly interacting massive particle (WIMP) is the lead-
ing paradigm of DM, we are motived to apply this strategy to
determine mχ for this paradigm. However, in existing WIMP
paradigm, the process of DM production is neglected as it is
irrelevant to the relic abundance of DM [4]. To make this strat-
egy available for WIMP paradigm, a phase of DM production
should be introduced to existing WIMP paradigm.
This work models a phase of DM production embedded in
WIMP paradigm (sometimes we call it new WIMP paradigm
to avoid confusion), and computes ∆Φ to determine mχ. For
new WIMP paradigm, ∆Φ increases fastly during DM pro-
duction, and its amplitude is frozen when DM attains thermal
equilibrium. Since the tensor modes are unaffected by the
pair productions of DM particles, such amplification results
in a suppression of tensor-to-scalar ratio of metric perturba-
tion, r. More specifically, the magnitude of the suppression of
r not only depends on mχ but also relies on how Universe is
reheated. By implementing a typical realization of reheating
[5–7], we obtain a new relation betweenmχ and r, which also
contains the reheating parameters. As r will be further con-
strained in the coming round of primordial gravitational wave
(PGW) searches [8], this relation can be, therefore, used to
constrain mχ and the reheating parameters.
Modeling DM production for WIMP Paradigm – To model
the phase of DM production for WIMP paradigm, we consider
that DM particles χ are produced by the pair annihilations of
scalar particles φ with the minimal coupling L = λφ2χ2. In
FIG.2, we illustrate the new WIMP paradigm. In standard
cosmology [9], at the end of inflation (t = tRi ), the inflaton ϕ
decays into Standard Model (SM) particles, and reheats Uni-
verse to the highest temperature, TRf , at t = tRf . After that,
Universe evolves into a radiation-dominated expansion. The
duration tRi ≤ t ≤ tRf refers as the reheating. φ and χ are
produced from t = tRi . We assume that φ is light and tightly
coupled to the hot plasma filling the background, so φ can at-
tain and track thermal equilibrium (denoted by the superscript
eq) before t = tRf . On the other hand, due to the small cross-
section, DM attains and tracks thermal equilibrium after the
end of reheating (teqχ > tRf ), and freeze out at t = tfo.
In new WIMP paradigm, during yRf ≤ y ≤ 1, DM abun-
dance takes (see Ref.[10] for a similar computation),
Yχ =
1− e−2pi2[κ(y−yRf )+YRf ]
pi2
(
1 + e−2pi
2[κ(y−yRf )+YRf ]
) , (1)
where y ≡ mχT−1, Yχ ≡ nχT−3 with nχ being DM number
density, and κ ≡ m3χσ0(4pi4Hm)−1 is a dimensionless con-
stant parameter defined with the reduced Hubble parameter
Hm ≡ Hy2 and the reduced thermally averaged cross-section
σ0 = 4〈˜σv〉y−2. YRf is DM abundance at t = tRf [19], and
takes (c.f. Eq.(5) in [2]) ,
YRf = T
−3
Rf
∫ tRf
tRi
〈˜σv〉
(
nφ/n
eq
φ
)2 (
neqχ
)2
dt . (2)
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FIG. 2. The evolution of φ (solid curve) and χ (dash-dotted curve)
abundances in new WIMP paradigm. The dotted and dashed curves,
respectively, denotes the expected abundances of φ and χ at ther-
mal equilibrium. The region in the black dotted box is the scope of
existing WIMP paradigm in which DM production is not considered.
According to Eq.(1), at y = yeq =
(
2pi2κ
)−1
, i.e. t = teqχ
in FIG.2, DM abundance attains and tracks thermal equilib-
rium, Y eqχ = pi
−2. At y = 1, DM freezes out with a relic
abundance, Yf = 1.7 × 10−29(σ0mχ)−1eV−1. By apply-
ing the density fraction contributed by DM, Ωχ = 1.18 ×
10−2eV−1 × mχYf = 0.26, the well-known prediction of
WIMP paradigm, σ0 = 0.3 × 10−39cm2 (c.f. Eq.(3.60) in
[9]), can be re-obtained. However, mχ can not be determined
with relic abundance.
Amplification of Φ during DM production. – In order to
constrain mχ, we compute ∆Φ for new WIMP paradigm.
To facilitate our analysis, we divide DM evolution into three
phases, 1) DM Production (yRf ≤ y ≤ yeqχ ), 2) Equilibrium
(yRf ≤ y ≤ yeqχ ) and 3) Freezing-out (y > yeqχ ). We notice
that ∆Φi are generated and accumulated only during DM Pro-
duction. In Equilibrium, each ∆Φi generated in the pair pro-
duction of DM particles is cancelled exactly by its counterpart
generated in the pair annihilation, so there is no accumulation
of ∆Φi. And in Freezing-out, no pair production or annihila-
tion of DM particles takes place, so no ∆Φi is generated.
By using the method provided by Ref.[2], we obtain the
evolution of super-horizon scalar modes of metric perturba-
tion, Φ(y) = Φϕ + ∆Φ, during DM production [20],
Φ(y) = ΦϕG
[
−yκY −1Rf
]
, (3)
where G(x) ≡ 2F1
(
3−√17
4 ,
3+
√
17
4 ;
7
2 ;x
)
is the Gauss hy-
pergeometric function used in Ref.[2], the perturbed FLRW
metric in conformal Newtonian gauge, gµν = {−1 −
2Ψ(~x, t), a2(t)δij [1 + 2Φ(~x, t)]}, is adopted to describe the
curved spacetime, Φ(y) denotes the super-horizon Fourier
modes of Φ(~x, t), and Φϕ is the primordial value of Φ(y) at
the end of reheating (y = yRf ).
After DM abundance attains thermal equilibrium, y ≥ yeqχ ,
the amplitude of Φ(y) is frozen,
Φ(y) = Φ(yeqχ ) = ΦϕG
[
− (2pi2YRf )−1] . (4)
In FIG.3, we plot the evolution of Φ(y) by using Eq.(3)
and Eq.(4). Φ(y) is amplified significantly during DM pro-
duction. The amplification in each case is scale-independent,
which ensures that the scale-invariance of primordial curva-
ture perturbation can be preserved by such amplification.
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FIG. 3. The evolution of Φ(y) in new WIMP paradigm.
As shown in FIG.3, there are two salient features for new
WIMP paradigm,
1. For different YRf , the magnitude of amplification is dif-
ferent;
2. For different κ (different mχ), the amplifications are
frozen at different time.
As we will show later, the former leads to the new strategy to
constrain mχ while the latter is related to structure formation
at small scale.
The Suppression of r. – As tensor modes of metric perturba-
tion are not affected by the pair productions of DM particles,
the amplification of Φ(y), thus, results in a suppression of r,
r ≡ PhPζ = 4×
(
Φϕ
Φ(y)
)2
, (5)
where ζ is curvature perturbation in comoving gauge, and it
takes ζ = 32Φ in radiation-dominated era [9]. The power spec-
tra of primordial metric perturbations at y = yRf , Pζ(yRf ) =
9
4PΦϕ = 94 8piG9k3 H
2
?
 and Ph = 8piGk3 H2? , are employed by fol-
lowing the simplest realization of slow-roll inflation [9], and
the slow-roll parameter takes  ' 0.01 [11, 12].
At y = yeq , the amplitude of r is frozen accordingly,
r = 4
{
G
[
− (2pi2)−1 Y −1Rf ]}−2 . (6)
which is smaller than the conventional expected value, 4, and
predicts a smaller amplitude of PGW to be detected.
In FIG.4, the suppression of r is illustrated for typical cases.
For the cases with the same value of YRf (a combination of
mχ and the reheating parameters), the final amplitudes of r
are same. With further elucidation of the reheating process,
mχ can be essentially constrained in future PGW searches.
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FIG. 4. The suppression of r in new WIMP paradigm.
A New Relation amongst DM, PGW and Reheating. – To
obtain an explicit relation between mχ and r, we implement a
typical realization of reheating process [5–7] to compute YRf .
By simplifying Eq.(2) with the physical conditions in tRi ≤
t ≤ tRf , we have
YRf =
σ0m
2
χ
4pi4T 3Rf
∫ tRf
tmχ
[T (t)]4dt , (7)
where T (t) describes how Universe is reheated, tmχ labels
the moment T = mχ during reheating, and the integral in
tRi ≤ t ≤ tmχ is negligible [2].
By assuming that the inflaton ϕ decays into SM particles
effectively with a constant dissipative rate Γ0, Γ0  3(1 +
wϕ)H [21], the equation governing ρϕ takes
dρϕ
dt
= −Γ0ρϕ. (8)
Substituting Eq.(8) into the continuity condition of energy
density,
∑
i
[
dρi
dt + 3(1 + wi)ρi
]
= 0, we obtain
dργ
dt
+ 4Hργ = Γ0ρϕ, (9)
where
∑
i denotes the summation of all relativistic compo-
nents γ and inflaton ϕ, and w denotes the Equation of State.
On the other side, we have
ργ = g∗[T (t)]4, (10)
where g∗ is the relativistic degrees of freedom at t ≥ tmχ .
By solving Eq.(8), Eq.(9) and Eq.(10), and substituting their
solutions into Eq.(7) [22] , we obtain
YRf = −
σ0m
2
χTRf
4pi4Γ0
ln
(
4
√
2g∗T 2Rf
MpΓ0
)
, (11)
where Mp is the reduced Planck mass.
By substituting Eq.(11) into Eq.(6), we obtain a new rela-
tion amongst DM, PGW, and reheating,
r = 4
G
(σ0m2χTRf
2pi2Γ0
ln
[
4
√
2g∗T 2Rf
MpΓ0
])−1
−2
.
(12)
In FIG.5, this relation is illustrated with examples of TRf =
1012GeV and Γ0 = {109, 1012, 1015}GeV with g∗ = 90.
It shows that, in a given reheating process, mχ can be con-
strained by r. For instance, given TRf = 10
12GeV and
Γ0 = 10
9GeV, if PGW is detected at r = 0.6 × 10−3 in
future, mχ is predicted to be 103GeV.
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FIG. 5. The relation between mχ and r in WIMP paradigm.
As shown in FIG.5, the more pair productions of DM parti-
cles take place after reheating (with smaller mχ and/or larger
Γ0), the stronger the suppression of r is. In other words, if
no suppression is observed in the future searches of PGW, it
implies 1) large mχ and/or 2) small Γ0 (see the curve plot-
ted with Γ0 = 109GeV for mχ > 104GeV). Although the
prediction of this work is still beyond the detectability of cur-
rent experiments (for example, see the shaded region plotted
according to Ref.[12]), optimized by future searches of PGW
and further elucidation of cosmic reheating, it will be tested in
a sizable parameter region, and then constrain mχ concretely.
Conclusions. – This work elaborates a new strategy to con-
strain mχ in WIMP paradigm with the search of PGW. By
modeling the process of DM production embedded in WIMP
paradigm, this work investigates the suppression of r caused
by the post-reheating pair production of DM particles, and
obtains an explicit relation between mχ and r, which also
contains the reheating parameters, Γ0 and TRf . It predicts
a smaller amplitude of PGW to be detected, especially, for
small mχ and/or large Γ0. Once r is determined in a future
search of PGW,mχ and the reheating parameters are then con-
strained by using this relation. As established by investigating
DM density perturbation, this new strategy of determiningmχ
within WIMP paradigm is complementary to other proposals
primarily focusing on DM abundance [13].
To sum up, we discuss two issues worthy of further study.
1) Implications on Small Scale Structure. As shown in FIG.3,
the amplification of Φ completes at y = yeq . For long wave-
length modes discussed in this work, the amplifications of
them are the same in each case. However, for short wave-
length modes, they get less amplification as they re-enter hori-
zon before the end of DM production. It thus leads to a relative
suppression of linear matter perturbation at small scale. By
using horizon-crossing condition, the critical scale of suppres-
sion, k−1? , can be determined by y
eq , and yeq only depends on
mχ, thus k−1? is solely determined by mχ. Once k
−1
? is pre-
cisely measured in future astrophysical observations [14], it
then imposes another new constraint on mχ, which is com-
plementary to what we have obtained based on the magnitude
of suppression of r in this work. Recently, this issue has been
studied for non-thermal DM in Ref.[15], and it should be also
investigated for WIMP paradigm. 2) Generalization beyond
WIMP. The strategy elaborated in this work is not a monopoly
of WIMP or standard cosmological model. It is very promis-
ing to apply this strategy to various DM candidates [16] in
alternative cosmological models [17] in further study.
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